The authors applied in vitro models of controlled damage to human epidermal keratinocytes (HEKs), human skin broblasts (HSFs), and human breast skin tissue (HBST) to examine the mechanism responsible for sulfur mustard (HD)-induced interleukin-6 (IL-6) alterations. Treatment with 100 ¹M HD for 24 hours resulted in a signi cant increased amount of IL-6 being secreted by HEKs (HD-exposed to control ratio [E/C] = 4.15 § 0.07) and by HSFs (E/C = 7.66 § 0.04). Furthermore, the HD-induced secretion of IL-6 in HEKs was neutralized with monoclonal human IL-6 antibodies. The secretion of IL-6 in HBST supernatant exposed to HD produced con icting results. Although an increase of IL-6 was observed in control superfusion media from HBST, IL-6 levels were observed to decrease as the concentration of HD increased. Time course of IL-6 mRNA levels were performed using a competitive polymerase chain reaction (PCR) and human IL-6 mRNA assay detection kit in control and HD (100 ¹M)-treated HEKs cells. IL-6 mRNA transcripts in HD-exposed HEKs were rst observed within 2 hours, dropped at 5 to 6 hours, and increased by » 2.2-fold and 8.5-fold at 24 to 48 hours after HD exposure, respectively, as detected by the Xplore mRNA Quanti cation System. Surface-enhanced laser desorption ionization (SELDI) mass spectrometry was also applied to study the secretion pattern of IL-6 on lysate preparations of HBST. A peak in the area of 23,194 to 23,226 Da was detected using antibody coupled to the chip. This peak was assigned to correspond to the mass of the IL-6 glycoprotein. Recombinant human IL-6 (rhIL-6) exposed to HD lacked the second disul de bridge and was partially unfolded, as determined by nuclear magnetic resonancenuclear Overhauser enhancement and exchange spectroscopy (NMR-NOESY). The disappearance of the resonance peak at 3.54 ppm and the appearance of a new chemical shift at 1.85 ppm suggested that a change in structure had occurred in the presence of HD. From the data, the possibility cannot be excluded that IL-6 might be involved in the early event of structural changes of the signal transducer glycoprotein that indirectly initiates the cascade of events such as skin irritation and blister formation observed in the pathophysiology of HD injury.
Bis-(2-chloroethyl) sul de, also called sulfur mustard (HD), is an alkylating agent with pathophysiological properties as a blistering agent and has been employed as a chemical warfare agent (CWA). Exposure to HD produces irritation, generates blisters in the human skin, and causes burning sensations in eyes and lung (Vogt et al. 1984; Sidell et al. 1997) . HD also has genotoxic properties and after acute exposure can exert systemic effects such as bone marrow and immune depression (Willems 1989) . In normal human skin, the rst symptoms occur at approximately 6 to 8 hours after contact. Edema develops in the dermis and a separation of the epidermal-dermal junction occurs, leading to the progressive formation of blisters. The biochemical mechanism(s) behind the blistering action is not well understood: activation of cytokines has been suggested to contribute to this process (Cowan and Broom eld 1993; Tsuruta et al. 1996; Arroyo et al. 1997 Arroyo et al. , 1999 Arroyo et al. , 2000 Sabourin, Petrali, and Casillas 2000) , although the exact protein(s) involved and their cellular sources have not been clearly identi ed.
In epidermal and dermal cells, evidence has been provided for a HD-induced cytokine network consisting of interleukin-1 (IL-1), interleukin-8 (IL-8), tumor necrosis factor-alpha (TNF-®), and interleukin-6 (IL-6), which, via interrelated autocrine loops, contributes to the loss of dermal interstitial collagen (Tsuruta et al. 1996; Arroyo et al. 1995 Arroyo et al. , 1997 Arroyo et al. , 1999 Arroyo et al. , 2000 Sabourin, Petrali, and Casillas 2000) . The objectives of this study were to verify the secretion of IL-6 in skin cell lines and tissue, to quantitate the levels of mRNA transcripts, and to characterize the structural (disul de linkage) pattern of IL-6 in HD-exposed human biosamples using state-of-the-art molecular biotechnologies.
IL-6 is a major mediator of the host response to tissue injury, and is present in blister uid from mice and humans (Sabourin, Petrali, and Casillas 2000; Rhodes et al. 1999 ). In addition, IL-6 is a secreted regulatory glycoprotein that controls the maintenance, growth, differentiation, and function of the immune system (Sawamura et al. 1998; Sato et al. 1999) . We have postulated that IL-6 may contribute to the vesicant blister injury observed in HD toxicity. Because it appears that the regulatory effect of IL-6 may play a crucial role in both local and systemic inammation caused by HD, we monitored the effects of HD on the gene expression of IL-6 (speci c mRNA transcripts) and the structural (disul de linkage) pattern of IL-6. In addition, we exposed cultures of normal human epidermal keratinocytes (HEKs), human skin broblasts (HSFs), and human breast skin tissue (HBST) to HD and tested for the alteration of the IL-6 glycoprotein using state-of-the art biotechnologies such as immunoassays and surface-enhanced laser desorption ionization (SELDI) mass spectrometry.
Human IL-6 has two disul de bonds (Rock et al. 1994 ) and it has been shown that HD treatment of proteins generated a signi cant amount of covalently cross-linked protein dimers, due to preferential alkylation of cysteine residues (Byrne, Broom eld, and Stites 1996) . Moreover, results from mutagenesis experiments have revealed that only the second disul de bridge (Cys74-Cys84) is essential for IL-6 bioactivity and receptor binding (Rock et al. 1994) . The nuclear magnetic resonance (NMR) data will provide evidence that HD cross-links IL-6 glycoproteins at cysteine residues, which has been suggested to contribute to human HD toxicity.
Other laboratories have tried to detect the secretion of extracellular mediators such as IL-6 that might affect the expression of urokinase-plasminogen activator (u-PA) in keratinocytes and broblasts (Detheux, Jijakli, and Lison 1997) . However, they were unable to demonstrate cytokine release upon activation of u-PA, although they were able to show that cell-associated u-PA is upregulated in 3T3 broblasts after treatment with 100 ¹M HD and that the observed response was inhibited by dexamethasone and vanadate (Detheux, Jijakli, and Lison 1997) . Because IL-6 stimulated the proliferation of cultured human keratinocytes (Grossman et al. 1989 ) and dysregulation of IL-6 production had been linked to a variety of skin sensitization (Nijsten et al. 1987; Lopez-Robles et al. 2001 ), we could not exclude the possibility that skin-derived IL-6 may be partially responsible for systemic in ammation reactions, such as blistering (Rhodes et al. 1999) , as observed in casualties affected by acute HD exposure.
MATERIALS AND METHODS

Chemicals
Sulfur mustard (Bis-(2-chloroethyl) sul de; HD) was acquired from the U.S. Army Soldier and Biological and Chemical Command (Aberdeen Proving Ground, MD, USA). The purity of HD was veri ed by NMR to be greater than 90%. The diluted HD used in treatment originated from neat HD stock solution veri ed by gas chromatography-mass spectrometry (GC-MS) to be ¼95%. Mouse (monoclonal) human IL-6 (catalog no. AHC0863; formerly AB-14-010) and goat (polyclonal) human IL-6 (catalog no. AHC0963) antibodies were obtained from Biosource International, Camarillo, CA, USA. IL-6 immunoassay kit was purchased from R&D Systems, Inc., Minneapolis, MN, USA. All the reagents were of the highest purity available.
Cells and Tissue Culture
Cryopreserved, normal HEKs from breast skin of adult females (Clonetics Corp., San Diego, CA, USA) were grown in keratinocyte basal medium (Boyce and Ham 1985) containing 0.15 mM calcium and supplemented with 5 mg/ml insulin, 0.1 ng/l recombinant epidermal growth factor, 0.4% bovine pituitary extract, 0.5 mg/ml hydrocortisone, 50 mg/ml gentamicin, and 50 ng/ml amphotericin-B (henceforth referred to as keratinocyte growth medium or KGM). The second passage of keratinocytes was subcultured in 150-ml asks at a seeding density of »2.5 £ 10 3 cells per ml KGM. When the cells were approximately 70% to 85% con uent, the medium was changed to fresh KGM without supplements and exposed to HD as previously reported (Arroyo et al. 1999) . Finally, the cells were again centrifuged, the supernatant was removed, and the nal dilution was made for immunoassay. Cell density was determined using a Coulter Z 1 cell counter (Coulter Corporation, Miami, FL, USA).
The HSFs (cell line designation: CCD-32Sk, catalog no. CRL-1489, Homo sapiens, normal, skin, upper chest, age: 1 month, gender: male) were purchased from American Type Culture Collection (ATCC), Manassas, VA, USA. The HSKs, CCD-32Sk, were cultivated in 425-ml minimum essential medium (MEM Eagle, Sigma, St. Louis, MO, USA; catalog no. M5650) supplemented with 5 ml of MEM vitamins 100£ (Sigma, catalog no. M6395), 5 ml of MEM nonessential amino acid 100£ (Sigma, catalog no. M7145), 10 ml of glutamine (Sigma, catalog no. G7513), 50 ml of fetal bovine solution (Sigma, catalog no. F2442), and 5 ml of 50£ amino acids (Flow Laboratories, McLean, Virginia, USA; .
The pH of this broblast growth medium (FGM) was adjusted with sodium bicarbonate (Sigma, catalog no. S8875) to 7.4. The frozen HSF ampoules were thawed and seeded in a T160 ask at »550,000 cells per ask, then incubated at 37 ± C in a humidi er at 5% CO 2 atmosphere. They were kept for longer than 7 days and then divided. After the division took place, the HSFs were again seeded in a T160 ask at »550,000 per ask for 7 more days. When HSFs had proliferated to con uence, »75% to 85%, they were exposed to HD.
Normal human breast skin tissues (»2 to 4 g, »2.5 £ 5 cm, fresh or frozen) were obtained from the National Disease Research Interchange (NDRI), Philadelphia, PA, USA. Approximately 0.75 ml of Trizol LS Reagent was used per 50 to 100 mg of tissue. The HBST sample was homogenized in the presence of the Trizol LS Reagent as previously described elsewhere (Gibbs and Freedberg 1980) for enzyme-linked immunosorbent assay (ELISA).
Sulfur Mustard Exposure and Chemical Treatments
For ELISA experiments, HEKs/HSFs in 150-or 175-ml culture asks at »80% con uence lled with fresh KGM or FGM media, respectively, were exposed to 100 ¹M HD. A 100-¹M concentration of HD was estimated to be needed to produce the observed effects in the skin of HD casualties (Vogt et al. 1984; Papirmeister et al. 1991; Sidell et al. 1997) . Cell viability experiments (trypan blue exclusion) of nonexposed and HD-exposed cells showed that the cell viability for the nonexposed controls was 95% and was greater than 85% at the 100-¹M concentration of HD under identical culture conditions (24 hours after HD exposure). In addition, cell viability (monitored by 3-(4,5-dimethylthiazol-2-yl )-2,5-diphenyltetrazolium bromide [MTT] assay) was not signi cantly affected (Guzman et al. 2000; Detheux, Jijakli, and Lison 1997) . The culture asks were maintained at room temperature in a chemical fume hood for at least 1 hour to allow venting of agent and then transferred to a humidi ed CO 2 incubator at 37 ± C for a period of 24 hours. The cells were detached using a nonenzymatic detachment procedure (Arroyo et al. 1999 ) and centrifuged. The supernatant was removed for immunoassay.
For SELDI analyses, normal HBST (»2 to 4 g, » 2.5 £ 5 cm, fresh or frozen, NDRI) was rinsed with KGM and exposed to a 0.3-pM or a 1.25-¹M solution of HD in methylene chloride (purity 97.5%) for 24 hours at room temperature. Control HBST was treated with methylene chloride. The concentration of HD deviated from 100 ¹M because methylene chloride is a good carrier of HD through the tissue membrane and delayed the hydrolysis process of HD by allowing faster penetration (Price et al. 2000) . Twenty-four hours after HD exposure, the tissues were again rinsed with KGM and frozen at ¡80 ± C until extraction of proteins was performed.
Neutralization Studies
HEKs (»75% to 85% con uence) were exposed to HD, at a concentration of 100 ¹M, in fresh KGM in the presence of different concentrations of neutralizing IL-6 antibodies (5 to 25 ¹g/ml medium). Subsequently, the KGM-antibody solution was removed and replaced by cell culture medium supplemented with the neutralizing antibody at the same concentrations. After the HEK cells were treated with the neutralizing antibodies, the antigen-antibody complex was removed by protein G agarose, and the modi ed supernatant was analyzed for IL-6 production (Klein et al. 1991) . Twenty-four hours thereafter, the supernatant was collected for determination of the IL-6 levels using ELISA. For control purposes, identical experiments were performed in parallel using equal amounts of goat control IgG.
Competitive Polymerase Chain Reaction (PCR)
The BioSource CytoXpress human IL-6 kit (catalog no. QHC0062; BioSource International, Inc., Camarillo, CA, USA) was used in conjunction with the PCR technique to target speci c human IL-6 mRNA sequences in nonexposed HEKs (control) and HD-exposed HEKs (treated) and to quantitate the resulting ampli ed product. Competitive PCR is a quantitative adaptation of the PCR method in which a known copy number of an exogenous synthesized DNA, known as the internal calibration standard (ICS), is mixed with the HEK cDNA before ampli cation. The principle of the assay is that the ICS has been constructed to contain the PCR primer binding sites identical to the IL-6 cDNA and a unique capture binding site that allows the resulting ICS amplicon to be distinguished from the IL-6 amplicon. In the CytoXpress format, IL-6 primers, one of which is biotinylated, are provided for inclusion in the PCR mix. During ampli cation, the biotin-labeled primer is incorporated into both the ICS and the IL-6 amplicons. Following PCR, the amplicons are denatured and hybridized to either ICS or IL-6 sequence-speci c capture oligonucleotides. Captured oligonucleotides are prebound to microtiter wells. The captured sequences are detected and quantied by addition of an enzyme-streptavidin conjugate followed by substrate. The signal generated in the reaction is proportional to the amount of amplicon present. Because the ICS is ampli ed at an ef ciency identical to the IL-6 cDNA, it can serve as a standard for IL-6 cDNA quantitation. The integrity of the extracted RNA was con rmed by analysis of RNA on agarose gel electrophoresis (data not shown). The precise number of IL-6 mRNA transcripts in the HEK samples was determined by comparing the signal generated by the HEK samples to a standard curve.
Total RNA from HEKs was prepared using the Trizol method (Life Technology, Gaithersburg, MD, USA). Approximately 0.5 ¹g of total RNA per sample was used for the IL-6 mRNA quanti cation assay according to the manufacturer's recommendations with minor modi cations.
Xplore mRNA Quanti cation System
The Xplore human IL-6 mRNA assay (ordering code no. XH-1003; Endogen, Inc., Woburn, MA, USA) is a fast (»4 hours) and sensitive (about 500 ng total RNA) assay. This assay is based on novel and proprietary Invader technology, which generates rapid, linear signal ampli cation directly from mRNA molecules. Quanti cation is performed in a convenient stripwell microtiter plate on up to 43 samples in duplicate using uorescence-based detection. Xplore human IL-6 mRNA assay was performed by implementing the manufacturer's instructions for product-speci c procedures.
IL-6 Quantitation by ELISA
ELISA kit (Human IL-6, Quantikine, Minneapolis, MN, catalog no. D6050) measures IL-6 concentrations in culture supernatants. The quantitative sandwich enzyme immunoassay technique was applied. In summary, this assay employs a monoclonal antibody speci c for IL-6 that has been precoated onto a microplate. Standards and HEK/HSF supernatants as well as superfusion media from HBST (100 ¹l) are pipetted into the wells, and the immobilized antibody is bound to any IL-6 present. After washing away any unbound substances, an enzyme-linked polyclonal antibody speci c for IL-6 is added to the wells. Following a wash to remove any unbound antibody-enzyme reagent, a substrate is added to the wells and the intensity of developed color is proportional to the amount of IL-6 bound in the rst step. The color reaction was then stopped by the addition of 50 ¹l of 2 N sulfuric acid to each well, which changes the blue color to yellow. The absorbance of each well was read at 450 nm using endpoint analyses on a Molecular Devices V max kinetic microplate reader attached to an IBM PC/XT for data manipulation. A standard curve was constructed (CA-Cricket Graph, Computer Associates Islandia, NY) for each time point by averaging duplicate runs as individual control value and subtracting from each value the background absorbance for 0 pg/ml.
Surface-Enhance d Laser Desorption Ionization Analyses
A lysate preparation of HBST was carried out by a ribolyzer method. This method is highly recommended for preparing protein extracts for ProteinChipArrays applications (Beavis and Chait 1996) . The applied lysis buffer contained urea (Sigma, U-5378; 9.5 M [30.0 g/50 ml]); 3-[(3-cholamidopropyl )dimethylammonio]-1-propanesulfate ) (CHAPS, Sigma, C-3023; 2% [(w/v; 1 g/50 ml]); and dithiothreitol (DTT, Sigma, D-5545; 1% [w/v]; 0.5 g /50 ml]). To the urea solution in deionized water (48 ml), 1.0 g of CHAPS and 0.5 g DTT were added and the solution was frozen at ¡80 ± C. The nonexposed and HD-exposed HBSTs were removed from the freezer and placed on dry ice. One milliliter of the lysis buffer was required for 100 mg of human tissue. The tissue was placed in a mortar with liquid nitrogen and crushed with a pestle. The powdered tissue was placed in a ribolyzer tube containing lysis buffer. The ribolyzer was set to run for two 10-second bursts at speed 6. The tubes were placed on ice between homogenizations to cool the samples. The ribolyzer tubes were spun in a microcentrifuge for ve minutes at 13,000 rpm to reduce air bubbles. The lysate was pipetted into centrifuge tubes and spun at 42,000 £ g for 1 hour at 15 ± C. The supernatant from the tubes was divided into aliquots of 50-¹l samples and stored at ¡80 ± C. The protein concentration of the samples was checked using the Bradford quanti cation assay (Sapan, Lundblad, and Price 1999) .
The surface chemistry of the two chips differs, with carbonyl diimidazole moieties on the ProteinChip PS1 and epoxy groups on the PS2 (ProteinChip, PS1 & PS2, Ciphergen Biosystems, Inc., Palo Alto, CA, USA; information e-mail: support @ciphergen.com). The chips were used to covalently immobilize and capture the proteins extracted from HBST. The PS1 and PS2 arrays used in these experiments included antibody-antigen, receptor-ligand, nucleic acid-protein, and speci c proteinprotein interactions.
PS1 and PS2 protocols used a binding/washing buffer of phosphate-buffere d saline (PBS, Sigma 1000-3) supplemented with detergent (0.1% to 0.5% Triton X-100, Sigma X-100) and sodium chloride (NaCl, 0.1 to 0.5 M; Sigma S-5150). This protocol also required 1 M ethanolamine (Sigma E-6133) in 1£ PBS. The ethanolamine solution (1 M) was prepared by combining 10£ PBS (10 ml) with 70 ml of Milli-Q water and 9.75 g of ethanolamine hydrochloride (HCl). The pH of this solution was adjusted to »8.0 with 1 N NaOH. The nal volume was brought to 100 ml. The preactivated chips, PS1, were pre-equilibrated by applying 3 ¹l PBS to each spot. One microliter of the proteins extracted from the HBST lysate, »0.3 mg/ml of the tissue proteins, was applied to the spot. For a negative control, similar concentration of protein G (Sigma P-2294) was used in the last spot. The PS1 chip was incubated at 4 ± C overnight to allow proteins in the supernatant to covalently bond to the spots. Then, the residual active sites were blocked by adding 3 ¹l ethanolamine (1 M) and were incubated again for 30 minutes at room temperature in a humidity chamber. The unbound proteins were removed by washing the chip in a 15-ml conical tube containing 7 ml PBS and 0.5% Triton X-100. The tube containing the chip and the wash buffer was placed on a shaking platform for 15 minutes at room temperature. The washing step was repeated once. The excess residual Triton X-100 was eliminated by washing the chip with PBS three times for approximately 5 minutes. The excess buffer around the spots was wiped off with lab wipes and allowed to air dry. Thereafter, saturated energy absorbing molecules (EAMs) solutions were added to each spot. All the commercially available EAM solutions were applied, for example, alpha-cyano-4-hydrox y cinnamic acid (Ciphergen Biosystems C300-0001, for proteins less than 15 kDa), sinapinic acid (Ciphergen Biosystems C300-0002, for all proteins larger than 10 kDa), and EAM 1 (Ciphergen Biosystems C300-0003, for 10-40 kDa proteins).
A similar procedure with minor variations was used for capture of proteins that bind speci cally to the PS2 chip. For instance, vigorous bulk washes were necessary to remove nonspeci cally binding proteins from PS1 chips, while spot washes (i.e., less salt and less detergent) were applied to PS2 chips. The chips were analyzed using the ProteinChip Reader. Mass analysis was performed with a mass analyzer (Ciphergen Biosystems, Inc., Palo Alto, CA, USA). To determine masses, the instrument was calibrated externally against bovine IgG (mass 147.3 kDa) and internally against bovine ubiquitin (mass 8546.4 Da). The mass from IL-6 was calculated using averaged atomic mass with the Protein Analysis Worksheet (PAWS) program (http://www. proteometrics.com ). The protocols used to couple antibodies to the chips are described in Beavis and Chait (1996) , Chapter 6, "Advanced Tutorial: Antibody-Antigen Capture on PS1 and PS2 ProteinChipArrays."
Nuclear Magnetic Resonance Experiments
One-dimensional (1D) proton NMR spectroscopy and twodimensional (2D) nuclear Overhauser enhancement and exchange spectroscopy (NOESY) experiments were performed using a VARIAN 600 MHz I NOVA (Palo Alto, CA, USA) highresolution spectrometer equipped with an Oxford Instruments LTD magnet. All 2D NOESY experiments were performed at 37 ± C. Data acquisition, processing, display, and data analysis were performed using the VARIAN VNMR software sets. Solvent suppression in aqueous solution of recombinant human IL-6 (Atlanta Biologicals, C11392, Norcross, GA, USA) was achieved by using selective pulses in the 2D NMR experimental schemes. For example, with the use of a time-shared long pulse in the VARIAN VNMR NOESY software, the solvent resonance was suppressed by a factor of 200 to 500. Further suppression of the H 2 O peak by a factor of 50 to 200 was achieved by digital shift accumulation so that overall suppression by a factor of 1 £ 10 4 to 1 £ 10 5 was obtained. A spectral width of 9596.9 Hz was used and 128 scans were acquired. The 2D spectra were recorded using 512 blocks with 4096 data points. The 126 to 256 scans were accumulated for each t 1 with a relaxation delay of 0.010 s. Chemical shifts were measured relative to the H 2 O signal at 4.63 ppm.
Data Analysis
All immunoassays were quintuplicated and representative ndings are shown. Each experiment resulted in mean values computed from numerous determinations. Each of these means had a standard deviation associated with it. The sample measurements were normalized for cell density, giving a determination of the mass of IL-6 in picogram (pg) per cell (pg/cell), which was accomplished by dividing the mean and standard deviation by the cell concentration (cell/ml). Statistically signi cant differences were determined by one-way analysis of variance (ANOVA). In all comparisons a value of p < .05 was used to indicate signi cant differences.
RESULTS
In this study, we exposed HEKs and HSFs as well as HBST to HD and tested for the production of IL-6 glycoprotein using state-of-the art immunoassay biotechnologies. Exposure to HD (100 ¹M) signi cantly increased the release of IL-6 in HEKs, ratio of exposed to control (E/C) D 4.15 § 0.07 and in HSFs, E/C D 7.66 § 0.04, as shown in Figure 1, panels A and B , respectively. Typical representations of the secretion of IL-6 into the supernatant of nonexposed HEKs and HD-exposed HEKs (100 ¹M, 24 hours after HD exposure) are shown in panel A of Figure 1 . Panel A represents the quantity of IL-6 secreted from the HEKs of a 25-year-old caucasian female in good health (HEK no. 4075 Clonetics) . Panel B illustrates the quantity of IL-6 secreted from HSFs of a normal skin upper chest of a 1-month-old male (ATCC no. CCD-32Sk).
To con rm if HD affects the production of human IL-6 mRNA transcripts in HD-exposed HEKs, a commercially available competitive PCR kit was also applied. Normalizing the copy number to the total cell number, we observed »2.3-fold increase in IL-6 mRNA levels per cell in HD-treated (100 ¹M) HEKs (Figure 2,  lower panel) . This increase of IL-6 mRNA levels was detected 24 hours after HD exposure as indicated in Figure 2 . Lane 1 represents HEK control and lane 6 represents HD-exposed HEKs. Lanes 1 to 4 and 7 to 9 were spiked with an internal calibration standard (ICS) (the upper band in lanes 1 and 6, and the single band in lanes 3, 4, 7-9). Lane 2 is not shown. The presence of bands at 482 (IL-6) and 532 (ICS) base pairs indicates proper ampli cation of both IL-6 and the ICS. Lane 11 is cDNA synthesized from a standard RNA sample included in BioSource CytoPress human IL-6 DNA cycle kit. Dilutions of control and exposed samples were prepared after cDNA synthesis and before PCR ampli cation.
In addition, studies were carried out to determine the time course of IL-6 mRNA transcripts, over a period of 2 to 48 hours, in HEKs following HD exposure. IL-6 mRNA was examined by the Xplore mRNA quanti cation system to demonstrate the in vitro cytokine pattern (Figure 3, panel A) . IL-6 mRNA levels increased in the rst 3 hours after HD exposure and then decreased between hours 5 and 6 after HD exposure (Figure 3 , panel A). There was an increase by »2.2-fold and 8.5-fold at 24 to 48 hours after HD exposure, respectively (Figure 3 , panel A). We also carried out the same experiment using the CytoXpress Quantitative PCR (Figure 3, panel B) . A band at »532 base pairs corresponding to the ICS was observed. In addition, two bands were detected at »482 and 532 base pairs, indicating proper ampli cation of both IL-6 and ICS panel 3B. showed a pattern similar to the one observed on panel 3A. For instance, no band at »482 base pairs was detected at 5 hours post exposure. However, at 24 hours after HD exposure, a faint band at »482 base pairs was again detected. Exposure of con uent HEK cells (»85%) to HD at a dose of 100 ¹M was performed in the presence of neutralizing human IL-6 antibodies (mouse or goat; 5 to 25 ¹g/ml medium) for 24 hours post exposure. The supernatants were analyzed by ELISA. Representations of the quantitation of these neutralization studies with human-IL-6 antibodies are shown in Figure 4 . The secretion of the cytokine into the extracellular environment was neutralized.
Another technique applied to elucidate the role of HD in the secretion of IL-6 was SELDI mass spectrometry. The SELDI mass spectrum view (retentate map) in Figure 5 shows the mass peaks of the af nity-captured extracted proteins from HDexposed HBST (20,000 to 100,000 Da mass region). For the purpose of this study, attention will be focused on the mass spectrum near the » D23-kDa area ( Figure 5 , the black downward arrow # ).
Because IL-6 is a »21-to 28-kDa glycoprotein of 184 amino acids produced by HEK/HSF cells, we assumed that the mass peak at » D23 kDa corresponds to the IL-6 glycoprotein. In order to verify that this speci cally binding protein was captured, experiments were performed as indicated in the antibody-antigen FIGURE 2 Typical agarose gel electrophoresis of IL-6 mRNA transcripts using the quantitative PCR CytoPress detection kit at the same time points in control and HD-treated (100 ¹M) HEKs are shown. Lane 1 represents control HEKs and lane 6 represents HD-exposed HEKs. Lanes 1 to 4 and 7 to 9 were spiked with an internal calibration standard (ICS) (this is the upper band in lanes 1 and 6, and the single band in lanes 3, 4, 7 to 9). The copy number calculated for the IL-6 mRNA samples was normalized to microgram of RNA utilized in the cDNA synthesis. HD stimulation of HEKs results in a »2.3-fold increase in amplicon/¹g RNA as compared with the unstimulated HEKs sample. The experiment was done in triplicate and performed in duplicate utilizing different RNA HEKs preparations (n D 3, *p < .05, compare to control). A representative set of data is shown in the lower panel.
capture on the PS2 proteinchip arrays (Beavis and Chait 1996) . Using commercially available recombinant human IL-6 (rhIL-6; Atlanta Biologicals, Norcross, GA, USA; C11392) and the monoclonal (mouse) human IL-6 antibody (Biosource International) as a positive control, the SELDI mass analysis of the glycoprotein rhIL-6 were performed. A peak at 23,362 Da was observed; the intensity of which was proportional to rhIL-6 concentration (data not shown). In these SELDI experiments, we assigned the peak at » D23.3 kDa to the IL-6 glycoprotein ( Figure 5 ). Furthermore, extracted proteins (»0.2 to 0.4 mg/ml) from HD-exposed HBST at 100, 300, and 500 ¹M for 24 hours were monitored using preactivated surface chip arrays. These data are shown in Figure 6 , which displayed a peak in the region of 23,194 to 23,226 Da ( §500 Da), that diminished as the concentration of HD increased. A similar correlation with HD concentration was observed in ELISA of superfusion media of HBST (Figure 7) . Signi cant amounts of extracellular IL-6 were presented in control superfusion media of HBST;
FIGURE 3
Time course of IL-6 mRNA transcripts following HD exposure using the Xplore assay and CytoPress Quantitative PCR detection kits is shown in Panel A and Panel B, respectively. Con uent HEKs (»85%) were exposed to HD (100 ¹M). Total RNA was isolated from HEKs at different time after exposure and subjected to the mRNA quanti cation assay. Quanti cation of the speci c mRNA levels was performed using de ned standard curves as described in the manufactures' brochures. The results are the mean § SD of three independent experiments. Panel A shows the time course of IL-6 mRNA transcripts following HD exposure (*p < .05 [ANOVA] compared to controls). Panel B illustrates the resulted ampli cation utilizing the CytoPress Quantitative PCR human IL-6 kit. C1-PCR represents nonexposed sample; X1-PCR, HD-exposed sample, 1 hour after HD exposure; C3-PCR, nonexposed sample; X3-PCR, HD-exposed sample, 3 hours after HD exposure; and so on. Time course of IL-6 products ampli ed at different time after HD exposure (1, 3, 5, and 24 hours) is shown. The agarose electrophoresis gel of PCR products shown in Panel B is a typical representation of two independent experiments performed in duplicate utilizing different RNA preparations.
FIGURE 4
HEK cells treated with HD (100 ¹M) were incubated with neutralizing antibodies against IL-6 (5 ¹g/ml of human IL-6 antibodies [mouse or goat]) for an additional 24 hours at 37 ± C and, thereafter, the antigen-antibody complex was removed by protein G agarose. The level of IL-6 in the supernatant was determined using IL-6 standards described in Materials and Methods and expressed as mean § SD of ve independent experiments.
FIGURE 5
Surface-enhanced laser desorption-ionization (SELDI) identi ed protein complexes extracted from HBST exposed to HD (0.3 pM and 1.25 ¹M of HD in methylene chloride). The observed peak at »23 kDa (black downward arrow # ) was obtained from extracted protein preparations of HBST (see Materials and Methods). The SELDI af nity mass spectrum provides structural information of the protein residues in the HBST complex. The SELDI mass spectrum shown is a typical representation of the observed SELDI from at least two independent experiments performed in duplicate utilizing different HBST lysate preparations.
FIGURE 6
Mammalian tissue (HBST) lysate preparations performed as described in Materials and Methods were mass-analyzed by SELDI. Proteins extracted (»0.3 mg/ml) from HBST were exposed to different concentrations of HD. Recombinant human IL-6 (commercially available) was used as standard controls, a peak at »23,192 Da was observed. Approximately 1 pmole was used as a positive control (A). Extracted proteins from HBST exposed to 100 ¹M HD using PS2 array saturated by EAM 1 is shown (B). (C) The mass analysis of extracted proteins from HBST exposed to 300 ¹M HD. (D) The mass analysis of extracted proteins from HBST exposed to 500 ¹M HD. (E) Negative control (IL-8 protein, standard »1 pmole). Results are representative of two independent experiments performed in duplicate.
however, IL-6 levels decreased as HD concentrations increased (Figure 7) . With a glycoprotein of the size of IL-6, it is generally difcult to assign all the NMR resonances to speci c residues in the amino acid sequence due to the overlapping of the resonance peaks. Therefore, it becomes important to seek and assign amino acid residues that are closely related to the physiological functions of the protein. In this study, we performed partial assignment of the aliphatic hydrocarbons of rhIL-6 in samples in media and samples exposed to HD. To address the structural importance of the two disul de bonds in rhIL-6 in the formation and stabilization of the IL-6 structure, chemical modi cations and partial NMR spectral assignments for the aliphatic residues are reported. Figure 8 shows the results of partial assignments for the 1 H-NMR resonance of cysteine (Cys) residues of the rhIL-6 observed at pH 7.4, 37 ± C. Based on spectral assignments as illustrated in Figure 8 , the positive resonance observed at 3.546 ppm was identi ed as cysteine methylene protons. A signi cant difference exists between the spectra of unexposed and HD-exposed rhIL-6, see Figures 8 and 9 . Two features are observed in the 1 H-NMR of HD-exposed rhIL-6: One new resonance peak is observed at 1.85 ppm assigned to reduced disulde bonds (HS-Cs), and the aliphatic region at 0.50 to 4.20 ppm was signi cantly modi ed in the presence of HD as shown in Figure 9 .
DISCUSSION
Skin irritation caused by HD is a complex phenomenon that involves resident epidermal cells, broblasts of dermis, and endothelial cells as well as invading leukocytes interacting with each other under the control of a network of cytokines and lipid mediators. Keratinocytes play an important role in the initiation and perpetuation of skin in ammatory reactions of HD through the release of, and response to, cytokines (Arroyo et al. 1997 (Arroyo et al. , 1999 (Arroyo et al. , 2000 . Acute irritant contact dermatitis is characterized predominantly by in ammation (Berardesca and Distant 1994) . Irritant contact dermatitis is a multifactorial event, which depends on both intrinsic and extrinsic factors. Among the intrinsic factors, age, genetic background, race, gender, and site may all be important. Moreover, the effects of the irritant, HD, are related to the chemical properties of the HD itself (molecular weight, polarity, state of ionization, vehicle), which in uence skin absorption, to the concentration applied and the duration of exposure. Our observations are consistent with the results in other reports (Corsini and Galli 1998) that skin irritants such as HD can induce epidermis and dermis cells to release IL-6 and this release depends on both the intrinsic and extrinsic factors mentioned above. Under normal conditions, IL-6 secretion by human keratinocytes and broblasts appears weak to moderate (for reviews see Refs. Kupper et al. 1989; Taga and Kuhimoto 1990; Heinrich, Castell, and Andus 1990; Van Snick 1990; Van Damme and Opdenakker 1990; Klein et al. 1991; Nishimura et al. 1991; Akira, Taga, and Kishimoto 1993; Sporri et al. 1999 ) as shown in Figure 1 . While resting keratinocytes
FIGURE 7
Superfusion media of HBST exposed to different concentrations of HD. The IL-6 levels were detected by ELISA as described in Materials and Methods. The quantitative analysis of IL-6 levels in the sample was carried out using standard curves. The results are the mean § SD of three independent experiments. and broblasts produce some IL-6 constitutively, chemical stimuli, such as HD, can induce HEKs/HSFs to release the growthpromoting cytokine, IL-6 ( Figure 1) . The production of IL-6 by unstimulated HEK and HSF cells was at low levels only and was variable in samples obtained from different donors, at different passages and cell densities (Figure 1 ). This might be the reason why the production of IL-6 by skin cells has been demonstrated only in some studies (McKenzie and Sauder 1990; Cichy et al. 1996) . We must recognize that epidermis and dermis cells play an important role in the initiation and perpetuation of skin in ammatory and immunological reactions. The normal levels and HD-exposed levels of IL-6 mRNA transcripts in HEKs were determined by using the quantitative competitive PCR and Xplore mRNA assays (Figures 2 and 3) . In applying these techniques to study the stimulation of IL-6 mRNA by HD, some interesting differences were observed. For example, our ELISA data show that a signi cant amount of IL-6 protein is secreted from HEKs after 24 hours of HD stimulation. This observation, in combination with a »2.3-fold increase in IL-6 mRNA transcripts observed (Figure 2) , suggests that HD acts on these cells to induce and secrete the IL-6 protein and that this mechanism is not downregulated by shutting off the mRNA levels. However, time-course experiments (Figure 3) show that IL-6 mRNA levels increased 2 to 3 hours post exposure, decreased 5 to 6 hours after exposure, and reached some higher level 24 to 48 hours after HD exposure. This tendency was observed in each individual trial (four different experiments). Because the increase in IL-6 mRNA correlated with the increase in IL-6 protein levels 24 hours after HD exposure, it suggests that the release of IL-6 was due to de novo synthesis of IL-6. It also appears that the elevation of IL-6 in HEK cells is independent of HD at 5 and 6 hours (Figure 3, panel A) . A similar observation was reported when recombinant human IL-6 was intravenously injected into rats and its fate was studied for 24 hours ). An accumulation of IL-6 in the skin of male Wistar rats was observed 5 to 8 hours after injection of rhIL-6. Certainly, further studies are needed to con rm the hypothesis that the elevation of IL-6 in skin cells is independent of HD between 5 to 8 hours after exposure. An experiment of this nature would differentiate between kinetic effects and differing ef ciencies of transcription and translation. It is interesting to note that by using only one method to determine IL-6 levels, misleading information can be obtained. Therefore, the simultaneous utilization of Polymerase Chain Reaction (PCR) CytoPress and Xplore mRNA for the semiquanti cation of IL-6 mRNA transcripts and immunoassays such as ELISA for extracellular measurements of this growth factor hormone provides a more comprehensive study of modulation of IL-6 levels by HD stimulation.
To con rm that the IL-6 activity in the culture supernatants was mediated by IL-6 molecules, human anti-IL-6 antibodies were employed (Figure 4) . The secretion of IL-6 in HEKs treated with HD in culture supernatants was inhibited (up to 90%) by the antibodies (Figure 4 ). It appears that the human IL-6 antibodies (mouse/goat) recognize the ligand-binding portion of the IL-6 receptor and thus its binding to the receptor is blocked by the presence of HD. Following HD exposure, no signi cant change in protein levels was observed in the presence of isotype control IgG (data not shown).
The detection and characterization of IL-6 glycoprotein recovered from human tissue lysate protein extraction was performed using a chemically de ned af nity capture device (SELDI) from nonexposed and HD-exposed HBST. SELDI offers the advantages of speed (minutes), simplicity, sensitivity (pg/ml), mass resolution, and accuracy (<0.05% error) (Spencer The 1 H-NMR was shifted 0.098 ppm down eld because of the HD exposure. The resonance at 1.85 ppm was identi ed as reduced disul de bonds (HS-C).
The resonance at 3.546 ppm vanished. The aliphatic region of HD IL-6 spectra was signi cantly modi ed as compared with the nonexposed spectra in Figure 8 . The 1D-NMR/2D-NOESY spectra shown represent typical spectra obtained from three independent NMR/NOESY experiments performed in duplicate. et al. 1999) . The proteins extracted from nonexposed and HDexposed HBST samples were found to bind speci cally to ligands containing a terminal carbonyl diimidazole moieties. The control (bottom pro le) in Figure 5 show the SELDI mass spectrum of proteins captured by preactivated surface of the proteinchip. The center and upper pro les of Figure 5 show the SELDI mass spectra of proteins captured from HBST exposed to 0.3 pM HD (center pro le) and 1.25 ¹M HD (upper pro le), respectively. The mass peak at »23 kDa ( indicated by #) is a notable absence in the SELDI mass spectra of the HD-treated lysate protein extraction at a high dose of HD (1.25 ¹M). This led us to conclude that IL-6 was absent at high concentrations of HD. Lysate preparations of HBST exposed to 100, 300, and 500 ¹M of HD generated a peak in the region »23.2 kDa ( Figure 6 ). This broad peak of mass »23.2 kDa was observed in the mass spectra with estimated error of §.500 kDa. This peak region corresponds with the expected mass region of a glycoprotein (Hinshelwood et al. 1999 ). Furthermore, the peak at »23.2 kDa decreased as HD concentration increased (Figure 6) . A similar trend was observed in ELISA data from superfusion media of HBST exposed to different HD concentrations (Figure 7 ). This may be explained by mechanical injury to the tissue sample; however, HD downregulates the cytokine network secretions in epidermis cells as HD concentration increases (Arroyo et al. 1999 (Arroyo et al. , 2000 .
293
Human recombinant IL-6 consists of 185 amino acids (»21 to 28 kDa), including four cysteine residues. Circular dichroism studies have revealed the cytokine as essentially an ®-helical structure (70%) in solution (Rock et al. 1994) . The four IL-6 cysteine residues form two intrachain disul de bonds between Cys45 and Cys51 and between Cys74 and Cys84, respectively (Clogston et al. 1989) . Results from mutagenesis experiments have also revealed that only the second disul de bridge (Cys74-Cys84) is essential for IL-6 bioactivity and receptor binding (Snouwaert et al. 1991) . Although previous studies clearly demonstrated the functional importance of the second disul de bridge (Snouwaert et al. 1991; Nishimura et al. 1991) , no NMR structural correlations were established in alkylated rhIL-6. Our NMR data show that the structural properties of rhIL-6 were dramatically altered in the presence of HD (Figure 8 ). Indeed, we found that rhIL-6 exposed to HD is lacking the second disul de bridge and is partially unfolded as demonstrated by the NOESY experiments (Figure 9, right  panel) . The disappearance of the resonance peak at 3.54 ppm and the appearance of a new chemical shift at 1.85 ppm (see Figures 8, 9) show that a change in structure occurred; therefore, we may speculate that the structural change involves both the proper folding of the molecule and maintaining the structural integrity. This change in structure is likely to obviate the interaction of the modi ed molecule with its receptor. Whether the crosslinking of IL-6 glycoprotein contributes to HD toxicity remains to be established, but the published and unpublished data from our laboratory as well as from other laboratories indicate that this possibility should be considered.
Therefore, we postulate that IL-6 acts in the nucleus to alter gene expression. In the target tissue, the IL-6 passes through the plasma membrane by simple diffusion and binds to speci c receptor proteins in the nucleus. The glycoprotein-receptor complexes act by binding to highly speci c DNA sequences and altering gene expression. This glycoprotein binding triggers changes in the conformation of the receptor proteins so that they become capable of interacting with speci c transcription factors. The bound IL-6-receptor complex can either enhance or suppress the expression (transcription into messenger RNA) of speci c genes adjacent to the cytokine response elements (CREs), and thus the synthesis of the gene protein products.
It is clear that proteins can be crosslinked by HD (Byrne et al. 1996) , but only those proteins that contain cysteine from signi cant amounts of dimer. Other investigators have shown that L-oxothiazolidine-4-carboxylate (OTC, an intracellular upregulator for cysteine) and N-acetyl-L-cysteine (NAC) appeared to have partial ef cacy against HD, OTC being more effective than NAC (Gross, Giles, and Smith 1997) in human peripheral blood lymphocytes (PBL). Secreted growth factor hormone proteins, such as IL-6, contain disul de bridges, which are essential for folding, stability, and tertiary structure. Thus, if one supplies cysteine, these growth factor hormones involved in cell proliferation and cell growth are not susceptible to HD injury.
The mechanism by which neutrophils migrate after HD injury, a well-known phenomenon associated with neutrophil activation and secondary oxidant injury, probably does not involve IL-6 (Tanaka et al. 1997 ). This mechanism is likely triggered by IL-8, which is a potent local neutrophil chemoattractant and activator (Woessner et al. 1990; Tsuruta et al. 1996; Tanaka et al.1997; Arroyo and Carmichael 1997; Lardot, Dubois, and Lison 1999) . The SELDI band at »8.3 kDa was always observed and its intensity increased as HD concentrations increase (data not shown). The human IL-8 cDNA sequence has predicted a precursor protein, which is cleaved to generate the nonglycosylated mature protein of approximately 8 kDa (Hebert et al. 1990 ). However, the emphasis of this study is not IL-8.
The pro le of IL-6 in uid of spontaneneous blisters in allergic contact dermatitis and toxic epidermal necrolysi has been reported (Rhodes et al. 1999) . Very high levels of IL-6 were found in patients with in ammatory blisters originated from toxic epidermal necrolysis. Their observations con rm that different, secretion-related patterns of IL-6 occur in a range of blistering disorders. Rhodes et al. (1999) also concluded that individual cytokines have different actions, depending on the cytokine microenvironment. Therefore, de ning the functional contribution of individual cytokines to skin blistering will require experimental injection of pure, recombinant cytokine into the skin, or the application of speci c cytokine antagonists or anticytokine antibodies.
Furthermore, we have shown that HD increases the release of IL-1 (Arroyo et al. 1997 (Arroyo et al. , 1999 (Arroyo et al. , 2000 and because IL-1 is a potent inducer of IL-6 (Sabourin, Petrali, and Casillas 2000) , it remains to be determined whether the increase in IL-6 is mediated directly by HD and/or through IL-1 or other mediators such as TNF-® (Arroyo, Von Tersch, and Broom eld 1995) . We know that HD also increases intracellular calcium (Ca C2 ) levels and arachidonic acid release from HEKs cell membrane (Ray et al. 1995) . Moreover, it has been recently reported that soluble IL-6 receptor induces calcium ux and selectively modulates cytokine expression in human dermal cells (Sporri et al. 1999) . Sporri et al. (1999) have demonstrated that exogenous IL-6 in association with the soluble IL-6 receptor alpha induced an acute and transient increase in cytosolic free calcium concentrations in a dose-dependent fashion. Therefore, our results led us to speculate that HD, in addition to causing DNA mutations and rearrangements, affects cell growth and differentiation by directly changing the structural integrity and binding properties of IL-6 primary receptor binding site. From our data, the possibility cannot be excluded that IL-6 might be involved in the early event of structural changes of the signal transducer glycoprotein that indirectly initiates the cascade of events such as skin irritation and blister formation observed in HD pathophysiology.
